CAl tissue. We found that this particular concentration of glutamate was sufficient to destroy CAl pyramids in the vicinity of the injection site in intact and CA3-lesioned CAl tissue when administered during control (non ischemic) conditions. In contrast, the same amount in jected during ischemia in the CA3-lesioned CAl region destroyed pyramidal cells in a widely distributed zone around the injection site in the CA 1 region. It is con cluded that the ischemia-induced damage of pyramidal cells in CA 1 is dependent on glutamate release and intact innervation from CA3. Key Words: Kainic acid-Cerebral ischemia-Glutamate-N eurotoxicity.
widespread neuronal death in mature cortical cell cultures that could be significantly attenuated by removal of extracellular calcium and markedly exacerbated by elevation of extracellular calcium concentration. These facts taken together with the observation that glutamate-operated channels of the N-methyl-D-aspartate (NMDA) type has a high cal cium conductance (MacDermott et al., 1986) sug gest that entry of calcium via glutamate-controlled ionic channels is the main event.
An influx of interstitial Ca2 + during ischemia induced by release of glutamate and aspartate resulting in an intracellular Ca2+ overload, may-if it persists long enough-activate processes within the vulnerable neuron that cause cell death (Siesjo, 198 1) . In support of such a mechanism, we recently demonstrated that the characteristic ischemia induced changes of the interstitial Ca2 + concentra tion in the hippocampal CAl region could be mark edly attenuated by (a) removal of the glutamatergic afferents and (b) by preis chemic administration of the NMDA antagonist 2-amino-5-phosphonovaleric acid (Benveniste et al., 1988) . Furthermore, both interventions improved cell survival after ischemia (Benveniste et ai., 1988; Swan et ai., 1988) . To sup plement these studies, we have investigated (a) the ischemia-induced glutamate release in the nonvul nerable CA3-lesioned CAl region and (b) whether administration of glutamate during ischemia in the CA3-lesioned CAl region produces cell damage.
MATERIALS AND METHODS
The experimental groups comprise the following: group I: n = 7, rats exposed to ischemia, implanted with mi crodialysis probes in CA I for measurement of amino ac ids; group II: n = 8, CA3-lesioned rats exposed to isch emia, implanted with microdialysis probes in CAl for measurement of amino acids; group III: n = 5, rats in jected with L-glutamic acid in CA 1; group IV: n = 3, CA3-lesioned rats injecte d with L-glutamic acid in CA 1; group V: n = 4, CA3-lesioned rats injected with L glutamic acid in CAl during ischemia; group VI: n = 6, rats exposed to ischemia; and group VII: n = 8, sham operated controls, not exposed to ischemia.
Removal of the fibers from CA3 to CAl
Four days prior to induction of ischemia, 23 male Wistar rats (300-450 g) were anesthetized with Nembutal (50 mg/kg) and received bilateral intraventricular injec tions of 0.5 fLg of kainic acid dissolved in saline. The stereotaxic coordinates were 0.8 mm behind the bregma, 1.5 mm lateral to the midline, and 3.5 mm below the dura (Paxinos and Watson, 1982) .
Preparation of animals and induction of ischemia
Following overnight fasting, rats were anesthetized with 3% halothane in a 2:1 N20:02 mixture, intubated, and mechanically ventilated (Harvard Rodent Ventilator) to maintain normoventilation. Anesthesia was maintained with 1.2-1.5% halothane throughout the experiment. The four-vessel-occlusion model (Pulsinelli and Brierly, 1979) was carried out in a one-stage procedure. Both vertebral arteries were electrocauterized (Martin Elektrotom 40) immediately after intubation. The common carotid arter ies were gently exposed from the surrounding structures and snares consisting of 3-0 sil k ligatures threaded through PE-90 polyethylene tubing were placed around them. A femoral artery was cannulated with PE-25 tubing for measurements of blood gases (Radiometer BMS3, Copenhagen, Denmark) and blood pressure (Siemens Elema, Sweden). Plasma glucose was measured using the glucose oxidase technique (Beckman Glucose Analyzer 2). Rectal temperature was maintained at approximately 37°C throughout the experiment by means of a thermo statically regulated heating lamp. Because externally monitored head temperature closely reflects brain tem perature (Busto et aI., 1987) , a needle probe (Ellab, Copenhagen, Denmark) was inserted into the temporal muscle. Head temperature was continuously registered by a two-channel digital thermometer (Ellab) and was kept within 36-37°C throughout the experiment. In all rats exposed to ischemia, an interhemispheric, bipolar elec troencephalogram (EEG) was continuously recorded through two subcutaneous, biparietal needle electrodes. Halothane administration was discontinued just before cerebral ischemia was induced by pulling the snares while mean systemic blood pressure was maintained at 80 mm J Cereb Blood Flow Metab, Vol. 9, No.5, 1989 Hg by withdrawing blood. Following 10 min of ischemia, the carotid artery snares were removed to allow recircu lation and halothane administration was continued. Rats from experimental groups V and VI were allowed to sur vive for 4-5 days before killing, whereas rats from groups I and II were killed immediately after the experiment. Sham-operated rats (group VII) were not exposed to isch emia and were killed 4 days following surgery.
Microdialysis procedures
Commercially available microdialysis probes (CMNI0, Carnegie Medicin, Stockholm, Sweden) were used. The probe consists of a cylindric arrangement of two steel tubes and a dialysis membrane (for further details, see Tossman and Ungerstedt, 1986) . The membrane (o.d. of 520 fLm) used in this study was 2 mm long. The dialysis probe was constantly perfused at 5 fLl/min by means of a CMA/I00 microinjection pump (CMA/100, Carnegie Medicin). The perfusion fluid was a Krebs Ringer-bicarbonate buffer, with the following content (in mmol/L): 122 NaCl, 25 NaHC02, 3 KCI, 1.3 CaCI2, 1.2 MgS02, and 0.4 KH2P03• The perfusion fluid was filtered through a minisart SRP 15 filter, pore size 0.45 fLm (Sar torius, G6ttingen, F. R.G .), before use, to avoid bacterial contamination. The rats were placed in a stereotaxic frame (Frame no. 9, David Kopt) and a burr hole (2 mm in diameter) was drilled in the left parietal bone. The mi crodialysis probe was implanted in the left CAl; stereo taxic coordinates were 3.7 mm behind the bregma, 2.2 mm lateral to the midline, and 2.8 below the cortical sur face (Paxinos and Watson, 1982) . The probe was perfused for 1.5 h before automatic sampling began by means of a refrigerated microsampler (CMA/200, Carnegie Medicin). Dialysis samples were collected at 5-min intervals 20 min before ischemia, 10 min during ischemia, and 15-25 min after circulation was re-established.
The dead space in the system was approximately 15 fLI, and samples collected during ischemia were corrected for this volume.
Administration of L-glutamic acid
In halothane anesthesia, 15 rats received focal injec tions of 10 nmol (1.7 fLg) of glutamate dissolved in NaCI (149 mM NaCl, 1 mM L-glutamic acid, monosodium salt, Sigma; pH adjustment: 7.35-7.45) in the left hippocampal CAl by means of a Teflon-coated glass capillary (o.d. of 150 fLm). Stereotaxic coordinates were 3.7 mm behind the bregma, 2.5 mm lateral to the midline, and 2.3-2.5 mm below the cortical surface. The injection was given over a 10 min period by means of the Carnegie microinjection pump (flow: 1 fLl/min). Four rats received glutamate si multaneously with the induction of ischemia (see section above). The contralateral CAl was injected with vehicle using the same technique. These rats were killed 4 days later. Three rats with CA3 lesions and five normal rats not exposed to ischemia but injected with glutamate served as controls and were killed 4 days after the injection.
Amino acid analysis
Amino acids in the collected dialysates were analyzed by high performance liquid chromatography (HP LC) and fluorescence detection after automatic precolumn deriva tization of the amino acids with o-phthalaldehyde and 2mercaptoethanol (OPA/MCE). The procedure was es sentially performed as described earlier (Lindroth et aI., 1985; Sandberg et aI., 1986) with the following modifica tions. The OPA/MCE derivatives were separated on a Nucleosil RP-18 (5 f.Lm) column (300 x 4.6 mm). The autoinjectors were set to withdraw 25 f.LI of the OPA/MCE derivative solution and the dialysates. The response of glutamate, aspartate, and glutamine was calibrated with an external standard (1 f.LM; Pierce physiological standard no. 20086; glutamine was added in equimolar amounts). The external standard was analyzed at least twice for each run of dialysates (10-16 samples). The levels of as partate in the dialysate sampled before ischemia were close to the detection limit. The following two sets of equipment were used: (a) Varian 5000 liquid chromato graph, Waters WISP 710B autoinjector, Kratos FS970 fluorometer, and Waters Maxima 820 software for data handling; (b) Spectra-Physics SP8800 liquid chromato graph, Carnegie Medicin autoinjector (CMA/200 and CMA/240), Kratos FS980 fluorometer, and Spectra Physics 4290 integrator.
Histology
All rat brains from experimental groups I and II were frozen and 20 f.Lm sections cut in order to assess the po sition of the microdialysis probe and the extent of the CA3 lesion. In group VII, four brains were frozen and four brains were perfusion fixed as described below. Brains from groups III, IV, V, and VI were perfusion fixed with 300 ml of Lillis phosphate-buffered formalin via the ascending aorta. The skull was opened 60 min after fixation, and the brain was removed and further fixed for 24 h in formalin. After dehydration and paraffin embedding, 5 f.Lm frontal sections were cut in close prox imity to the track left by the microdialysis probe or injec tion needle. Frontal sections from groups VI and VII were cut at corresponding levels. Sections from experi mental groups I, II, III, IV, V, VI, and VII were stained with hematoxylin-eosin. Neighboring sections from groups III, IV, V, VI, and VII were additionally stained with cresyl violet and according to Kliiwer-Barrera.
RESULTS
Physiological values of rats before induction of ischemia from experimental groups I, II, V, VI, and VII revealed no differences among the groups (Ta ble I). Immediately (20-40 s) after occlusion of the common carotid arteries, the EEG became isoelec tric and the color of the eye background changed from red to gray. Approximately I min later, the pupils dilated. No corneal reflexes could be evoked during ischemia.
Position of the microdialysis probe
The track from the microdialysis probe was found in the CAl region in all brains from experimental groups I and II. The dialysis probes were removed after the experiment. Evaluation of the track size revealed that the dialysis membrane traversed the parietal cortex and corpus callosum before reaching the CAl region.
Histology of rat brains from experimental group II
In eight brains injected with kainic acid, hema toxylin and eosin-stained sections revealed the se lective lesion of the CA3 (Nadler et aI., 1978) . No acidophilic pyramidal cells-indicating cell death could be demonstrated in the CAl region except for occasional injury close to (100-200 J.1m) the probe track. Dialysis samples obtained from these rats were used in the final data analysis. Table 2 dem onstrates that cell counts-counted 300 J.1m from the probe track-per 300 J.1m grid length of CAl pyramids in rats from group II were similar to the sham-operated controls. Six rats were excluded from the final data analysis in group II because ac idophilic CAl pyramids could be demonstrated in the left CAl region.
Amino acid concentration changes before, during, and after ischemia Table 3 show the time course of the concentrations of glutamate, aspartate, and glu tamine measured in 5-min samples before, during, and after ischemia. The mean preis chemic concen tration of glutamate was 0.44 J.1M. The preis chemic concentration of aspartate was below 0.13 J.1M in all rats except for one with a concentration of 0.28 J.1M (Fig. 2 ). Ten minutes of ischemia caused a signifi cant increase in the concentration of glutamate (5.9 x basal level) and aspartate (4.8 x basal level) (cf. Table 3 ). Five minutes after circulation was re established, the concentration of glutamate and as partate in the dialysis samples was still significantly higher than preischemic concentrations (glutamate Results are mean ± SD. Significant differences were not found across groups (for each parameter) using the Kruskal-Wallis test. 10 ± IS* Significant differences were found across groups using the Kruskal-Wallis test if = 2, *p < 0.0013). A post hoc pairwise comparison with Mann-Whitney rank-sum tests, including a Bonferroni adjustment, revealed that group VI was significantly different from groups II and VII, while none of the other groups differed from each other.
Control group

Figures 1-3 and
a CAl pyramidal cells were counted approximately 300 fJ-m from the track left by the microdialysis probe. The number of CAl pyramidal cells is expressed as means of pyramidal cells/300 fJ-m grid length counted lateral and medial to the probe track.
b The density of CAl pyramidal cells/300 fJ-m grid length in frozen sections did not differ significantly from the density of CA I pyramids in paraffin sections (results not shown). Only results from paraffin sections are presented in the table.
x 6.1, aspartate x 4.7). Preischemic concentrations of glutamate and aspartate were reached 15-20 min after induction of ischemia. The concentration of glutamate obtained in the perfusate during ischemia did not differ from preischemic controls values. However, during recirculation, a significant de crease of glutamine was observed.
CA3-lesioned group
Glutamate: The time course of the concentra tions of glutamate before, during, and after isch emia in the denervated CAl region is shown to gether with controls in Fig. 1 . Table 3 demonstrates that the preischemic concentrations of glutamate in the denervated group were similar to the control group. The concentration of glutamate measured in the CA3-lesioned CAl regions during ischemia (5-10 min) increased slightly 0.4 x basal level) but significantly (p < 0.05) compared to preischemic control concentrations. Two rats died accidentally during re-establishment of circulation. In these rats, sampling continued and the HPLC analysis of these samples revealed that glutamate concentrations in creased and seemed to reach concentrations similar to those reached during ischemia in the control group (Fig. 1) .
The concentration of glutamate in the CA3lesioned CAl regions reached in the dialysis sam ples collected during 5-10 min of ischemia and early recirculation were significantly lower (p < 0.01) than corresponding controls (Table 3) .
Asp artate and glutamine: The time course of the concentrations of aspartate before, during, and af ter ischemia in the denervated CA 1 region is shown together with controls in Fig. 2 . The preischemic concentration of aspartate in the denervated group was significantly lower than in controls (Table 3) . Table 3 demonstrates that during ischemia and early recirculation, the concentration of aspartate in-J Cereb Blood Flow Metab, Vol. 9, No.5, 1989 creased (3.2 x basal levels) significantly (p < 0.05, cf. Table 3 ) in the CA3-lesioned CAl regions com pared with preischemic control values. The concen trations of aspartate reached in the dialysis samples collected from the CA3-lesioned CAl regions dur ing ischemia and early recirculation were signifi cantly lower than corresponding concentrations of aspartate in the control group. In the two rats that died, aspartate increased excessively with the pro longation of ischemia (Fig. 2) . In rats in which cir culation was re-established successfully, pre ischemic concentrations were reached 10-15 min af ter ischemia.
The time course of the concentrations of glu tamine before, during, and after ischemia in the denervated CA 1 region is shown together with con trols in Fig. 3 . Preischemic glutamine concentra tions in dialysis samples collected from the CA3lesioned CAl regions were similar to the control group. The concentrations of glutamine during isch emia did not differ from preischemic control values or from corresponding values obtained in the non lesioned control group.
Histology of rat brains injected with L-glutamic acid
Exp erimental group III Intrahippocampal injections of 10 nmol of L glutamate produced no obvious behavioral abnor malities. Histological analysis showed a degenera tion of the CAl pyramidal cells limited to the im mediate site of injection (Fig. 4A ). The transition from damaged to normal CAl pyramidal cells was sharply demarcated (Fig. 4B ). Occasional damage to granular cells was observed (not shown). In the contralateral CAl region, control injections of ve hicle 00 j.Ll of 0.9% saline) failed to produce neuro nal damage around the needle track-except for py ramidal cell damage caused by insertion of the in jection needle (micrograph not shown). Wilcoxon's paired rank-sum test. During ischemia, the con centration of glutamate increased significantly when com pared to preischemic concentrations. In the CA3-lesioned rats, the concentrations of glutamate in dialysis samples ob tained during ischemia were significantly lower during Isch emia (5-10 min) and early recirculation than corresponding samples from nonlesioned animals (p < 0.01, cf. Table 3 ). In the two CA3-lesioned rats in which recirculation was not re established, the concentration of glutamate in dialysis sam ples during 15 and 20 min of ischemia reached levels similar to concentrations of glutamate obtained during 10 min of ischemia in the control group.
Exp erimental group IV
A bilateral kainic acid-induced lesion of the CA3 region was seen in all of the brains in this group (not shown). In the CAl region, no kainic-acid induced pyramidal cell damage could be demonstrated. These brains were examined approximately 8 days I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   20 tions of aspartate sampled from CA1 regions of nonlesioned rats (n = 7) and denervated CA1 regions of CA3-lesioned rats (n = 6; two rats had to be excluded because preischemic concentrations of aspartate were below detection limits). Di alysis samples were collected as in Fig. 1 and analyzed Table 3 ). The concentrations of aspartate in the samples collected during the first 5 min of ischemia in the CA3-lesioned rats were significantly lower than corresponding controls (p < 0.01, cf. Table 3 ). During 5-10 min of ischemia, the concen tration of aspartate increased considerably but still was sig nificantly lower than corresponding control values. In the two CA3-lesioned rats in which circulation was not re established, the concentration of aspartate in the consecu tive ischemic samples increases excessively.
after the injection of kainic acid and eventual cell damage caused by kainic acid at this time is no longer represented by acidophilic pyramidal cells but by cell loss. The injection of 10 nmol of L glutamate into the denervated CAl region still pro duced a well-localized lesion consisting of acido philic pyramidal cells in the immediate vicinity of the injection site (Fig. 4E) . tions of glutamine sampled from CA1 regions of nonlesioned rats (n = 7) and denervated CA1 regions of CA3-lesioned rats (n = 6; two rats had to be excluded because the standard curves of glutamine were nonlinear). In the control group, the concentration of glutamine decreased significantly after 10 min of ischemia. A postischemic statistical analysis of the CA3-lesioned rats were not performed due to the lack of data (n = 4). However, no significant differences between groups were found before and during ischemia (cf. Table 3 ).
Exp erimental group V
A bilateral kainic acid-induced lesion of the CA3 region was demonstrated in the four brains. No CAl pyramidal cell loss could be demonstrated. In jection of 10 nmol of glutamate into the left dener vated CA 1 region during 10 min of ischemia pro duced a widely distributed (>600 flm from the in jection site) degeneration of CAl pyramidal cells (Fig. 4C) . In contrast, the contralateral denervated CAl region, injected with vehicle only, was undam aged following ischemia (Fig. 4D) as previously de scribed (Benveniste et aI., 1988) . Two brains had to be excluded from this group because of a kainic-J Cereb Blood Flow Metab, Vol. 9, No.5, 1989 acid induced CAl lesion that could be distinguished from the glutamate-induced lesion, because it in cluded all CAl pyramidal cells and because it could be demonstrated in frontal sections far from the needle track.
Histology of rat brains from exp erimental group VI Table 2 demonstrates that 80% of the CAl pyra midal cells were lost in the CAl region 4 days after 10 min of ischemia (cf. Fig. 4F ). The ischemic lesion has been described in detail earlier (J!lirgensen and Diemer, 1982) .
DISCUSSION
Excitatory amino acid concentration changes in the normal CAl region
Measurement of excitatory amino acids (EAAs) during ischemia in control animals revealed the well-known increase of glutamate and aspartate. An eightfold (Benveniste et aI., 1984) and a 3.5-fold in crease (Hagberg et aI., 1985) of glutamate during 10 min of ischemia have previously been demonstrated in the rat and the rabbit hippocampus, respectively. Disagreement in magnitude of release is most likely due to interspecies and experimental differences. A number of studies have demonstrated even larger concentration changes of EAAs when the ischemic period was extended (Hagberg et aI., 1985; Korf et aI., 1988; Benveniste et aI., unpublished) . These re sults and the fact that the neurotoxicity of EAAs is dose-dependent (Choi, 1987 ) agree very well with morphological studies demonstrating that ischemia induced neuronal injury increases with the length of ischemia (Pulsinelli et aI., 1982) .
The concentration of glutamine decreased signif icantly 10 min after circulation was re-established in the control group. This decrease may be due to the depletion of glutamate transmitter pools, which have to be replenished after ischemia.
The interstitial concentration of glutamate is the result of two opposing processes: release and up take. The increase of the interstitial glutamate con centration during ischemia may thus stem from ei ther an enhanced release and/or decreased rate of uptake. Glutamate is released in a calcium dependent manner during normal synaptic activity like other transmitter substances (recently reviewed by Nicholls, 1989) . Calcium influx from the inter stitial space into the presynaptic terminals triggers the release of glutamate from transmitter pools ei ther in vesicles and/or in the cytosol (Nicholls, 1989) . The fact that cobalt inhibits the increase of the interstitial glutamate concentration during isch- emia confirms the contention that the transmitter pool is the major source (Drejer et aI., 1985) . How ever, studies employing synaptosomes exposed to cyanide have shown that in addition to the calcium dependent release, there exists another source that does not require the presence of calcium (Kauppi nen et aI., 1988) . Since glutamate is a rather large polar molecule, it does not readily cross the plasma membrane provided the membrane is intact. It is therefore believed that this form of release takes place via translocator proteins in the cell membrane (Nicholls, 1989) . A likely candidate would be the sodium-dependent high-affinity system located in the presynaptic terminal as well as in astrocytes. The source of glutamate in this situation is unknown but may stem from metabolic pools. Thus, the change of interstitial glutamate concen tration during ischemia may be explained as fol lows: initially, there is a release-preferentially cal cium-dependent-but the high-affinity uptake may to some degree oppose the increase because the sodium gradient across the cell membrane is still present. At the moment of anoxic depolarization, the sodium gradient is severely reduced (Hansen, 1985) and uptake is no longer possible. On the other hand, this translocator may now support efflux of nontransmitter glutamate from neurons and astro-cytes. The fact that the interstitial glutamate con centration continues to increase during ischemia and never reaches a plateau is in accordance with a release from this large metabolic pool. It should be added that recent studies have shown that the cal cium-dependent glutamate release requires the presence of ATP (Kauppinen et aI., 1988) . Thus, it is to be expected that this particular release will be severely attenuated during ischemia because of ATP lack.
EEA concentration changes in the CA3-lesioned
CAl region
All CA3-lesioned rats were carefully examined for simultaneous damage of CAl pyramidal cells caused by kainic acid. As judged by the fact that approximately 50% of the CA3-lesioned rats had to be excluded from group II due to CAl pyramidal cell damage, we stress the importance of a histolog ical evaluation of the CA 1 region when using this particular model. However, in all CA3-lesioned rats that were included in the final data analysis, we counted nonacidophilic and normal appearing CAl pyramidal cells lateral and medial to the probe track and found the same number of CA 1 neurons/300 j.Lm grid length as in sham-operated controls (cf. Ta ble 2). 
Glutamate
In the CA3-lesioned CAl region, the preischemic interstitial concentration of glutamate was similar to preischemic concentrations in the control group. In the control group, glutamate increased almost six fold during ischemia, whereas only a 1.4-fold in- Vol. 9, No.5, 1989 crease could be demonstrated in the CAl region of CA3-lesioned rats. Thus, it is safe to conclude that the total release of glutamate during ischemia is sig nificantly lower in the CA3-lesioned CAl region than that obtained in nonlesioned rats. This result agrees well with the excitotoxin hypothesis (J�rgensen and Diemer, 1982) and with studies dem onstrating that ischemia-induced neuronal damage is attenuated by depriving the CAl region of its glu tamatergic afferents (Wieloch et al., 1985; J�rgensen et aI., 1987; Benveniste et aI., 1988) .
The slight increase of glutamate measured in the CA3-lesioned CAl regions may stem from the pari etal cortex, because contact between this region and the dialysis membrane (2 mm) was not avoided.
The concentration of glutamate increased during 15 and 20 min of ischemia in the dialysis samples col lected from the two rats that were not resuscitated.
This result implies that at some point glutamate is released from nontransmitter pools. This may oc cur-in accordance with the previous discussion from metabolic pools possibly located in astrocytes.
Aspartate
The preischemic concentration of aspartate in the CA3-lesioned group was significantly lower than nonlesioned controls due to the one rat in the con trol group that-for unknown reasons-had a very high level of aspartate. The concentration of aspar tate increased in both non-and CA3-lesioned CAl regions during ischemia, but the total release was significantly reduced in the lesioned group com pared with controls. This result is somewhat unex pected but suggests that the source of aspartate re leased during ischemia also stems from non trans mitter pools that may be released differently to glutamate.
Glutamate neurotoxicity
We wanted to inject the same concentration of glutamate into the hippocampal CAl region as is released during ischemia. When calculating this concentration, it is necessary not only to measure the glutamate outflow concentration from the mi crodialysis probe and the in vitro recovery of glu tamate, but we also need the knowledge of the dif fusion characteristics during ischemia (tortuosity factor and interstitial space size) (Benveniste et aI., 1989) . The concentration of glutamate measured in the outflow during ischemia (Cout) was approxi mately 2.7 f.LM. The in vitro recovery of glutamate is about 5% for this type of probe design when cor rected for temperature (Tossman and Ungerstedt, 1986; Benveniste, 1989) , which means that the out flow concentration from the microdialysis probe only reflects 5% when placed in an aqueous solution of glutamate. The interstitial space fraction (a) dur ing ischemia is 0.1 (Hansen and Olsen, 1980) and the tortuosity factor (�) has been determined to be 1.6 in brain tissue during normal conditions (Nichol son et aI., 1979; Nicholson and Rice, 1986) . During ischemia, the energy-demanding high-affinity up-take of glutamate is inhibited, and we assume there fore that glutamate is transported into the microdi alysis probe via the interstitial space, unaffected by this exchange. Thus, the true interstitial concentra tion of glutamate (CD during ischemia may be ap proximated according to the formula given by Ben veniste et a1. (1989):
The factor K has previously been determined to be 0.7 (Benveniste et aI., 1989) . When inserting these parameters into this equation, we get 0.7 x [(1.6)2/0.1] x [2.7/0.05] = 0.9 mM. This concentra tion may still be somewhat underestimated because the tortuosity factor is known to increase during ischemia (Nicholson and Rice, 1986) . We decided to use 1 mM of glutamate, which proved to be suffi ciently high to be excitotoxic when administered during control (nonischemic) conditions to both in tact and CA3-lesioned CAl tissue. In the latter sit uation, however, axon terminals are lacking and the neurotoxicity of glutamate might be emphasized. In contrast to our results, Kohler and Schwartz found an increased glutamate toxicity after removal of neuronal reuptake sites (1981) . This discrepancy might be due to the much higher total amount of glutamate (approximately 1,700 nmol) used in the previous study. The 10 nmol of glutamate used in the present study may not be sufficient to demon strate this effect.
In normal and denervated hippocampus, the neu rotoxic lesion was concentrated at the immediate vicinity of the injection site, in contrast to the lesion produced during ischemia. In this situation, gluta mate induced a widely distributed lesion in the CAl region (compare Fig. 4C with 4E) . The glutamate injected during ischemia is bound to induce a spreading depression (SD) that cannot be spontane ously reversed due to ATP lack. A long-lasting SD, characterized by a Ca2 + influx imitating the anoxic depolarization during ischemia, may be responsible for the widely distributed cell death in this situation.
CONCLUSIONS
We found that the ischemia-induced release of glutamate and aspartate was almost abolished in the CA3-lesioned CAl region. Furthermore, we dem onstrated that the concentrations of glutamate re leased during ischemia were neurotoxic in intact as well as CA3-lesioned CAl regions. The "ischemic" dose of glutamate destroyed CA3-lesioned CAl pyramids in a wide area around the injection site when administered during ischemia. Our results suggest that the CA3-lesioned CAl pyramids are protected from 10 min of ischemia, because gluta mate is not released. Recently, we measured the interstitial calcium concentration changes in the CA3-lesioned CAl region before, during, and after ischemia. In the normal CAl region, Ca 2+ de creased from 1.2 to 0. 1 mM during 10 min of isch emia while it remained unchanged in the CA3lesioned CAl region (Benveniste et aI., 1988) . Con sidering these and the present results, one might add that the CA3-lesioned CAl region is protected during ischemia as a result of an inhibited gluta mate-induced calcium influx.
That the calcium influx is inhibited in the dener vated CAl region during 10 min of ischemia may be explained as follows: first, when glutamate is not released excessively in the denervated CAl region, the NMDA-coupled calcium-permeable ion channel may not be activated [this statement is supported by the finding that APV injections also attenuated the ischemia-induced calcium influx (Benveniste et aI., 1988) ]. Second, because the cytosol of the vulner able CAl pyramid is not exposed to a large calcium influx via this channel, the ATP deposits may last longer in the denervated CA I regions and ion gra dients may be maintained for a longer time.
In the two rats that were not resuscitated, gluta mate increased in the consecutive ischemic 5 min samples. Based on this result, it seems appropriate to suggest that if the length of ischemia is prolonged beyond 10 min, the ATP content is not sufficiently high to prevent changes of ion gradients and release of glutamate from metabolic pools. We wish to em phasize that the conclusions from this study are only applicable to brain regions that are mainly glu tamatergic innervated. In the striatum, medium sized neurons are innervated by dopaminergic as well as glutamatergic fibers and it has been sug gested by Globus and co-workers (1988) that in this particular brain region, excessive release of both transmitters are needed for the development of ischemia-induced neuronal damage.
